A photoactive nucleotide analogue of UTP, 5-azidouridine 5'-triphosphate (5-N3UTP), has been demonstrated to interact with the RNA polymerase of the vesicular stomatitis virus (VSV) transcription complex. Kinetic studies indicated that 5-N3UTP served as an efficient replacement for UTP in in vitro polymerase reactions. The Km for the azido analogue was 27 I, tM and that of the natural substrate, UTP, was 7 ~tM. Photolysis of [y-32p]5-N3UTP in the presence of VSV transcription complexes resulted in selective radiolabelling of the L protein. This photolabelling was saturable with an apparent Kd of 28 ~tM. The L protein was protected from [7-32p]5-N3UTP-mediated photolabelling by competing natural substrates (UTP, CTP, ATP, GTP). The stoichiometry of photoprobe incorporation into the transcription complex was close to unity with respect to the L protein. These data provide evidence that the nucleotide-binding domain of the VSV RNA polymerase contains amino acid residues of the L protein.
Introduction
Vesicular stomatitis virus (VSV) is a member of the Rhabdoviridae family of non-segmented, negativestrand RNA viruses. The first biosynthetic step in the multiplication of VSV is transcription of the viral genome, which contains five genes, into five monocistronic mRNAs, each of which bears the methylated cap structure 7mG(5')ppp(5')A TM at the 5' terminus and a poly(A) tract at the 3' terminus. The requisite enzymic activities, polymerase, guanylyltransferase, guanine-7-methyltransferase, nucleoside-2'-O-methyltransferase and poly(A) polymerase, are packaged in the mature virus particle. As a consequence, transcription can be studied in vitro in reactions mediated by subviral complexes which are readily purified from detergentdisrupted virions. These complexes comprise the viral genome and three of the five viral proteins: N (a 50K nucleoprotein which complexes with the genomic RNA to form the transcription template), L (M r 246K), and NS (Mr 30K) (Banerjee, 1987; Emerson, 1987; Rose & Schubert, 1987; Wagner, 1987) . VSV thus provides an t Present address: Department of Chemistry, Williams College, Williamstown, Massachusetts 01267, U.S.A.
ideal model system for the study of multifunctional, multisubunit transcription complexes.
A major goal in the dissection of this model system is to map the various enzyme active sites within the transcription complex. Several features of the system have complicated the correlation of enzyme activities with viral proteins: (i) none of the transcription-related activities has been expressed in vitro by purified components of the transcription complex, (ii) all transcription-related activities are coupled to ongoing polymerization and (iii) neither exogenous cap structures nor oligonucleotides serve as substrates for these activities (Abraham & Banerjee, 1976; Banerjee et al., 1974) . Previous studies, employing temperature-sensitive and host range mutants of the virus in classical genetic and biochemical analyses, indicated that mutations in the L protein could alter the polymerase (Hunt et al., 1976; Ongr~di et al., 1985 a, b) , poly(A) polymerase (Hunt et al., 1984) and both methyltransferase activities (Hammond & Lesnaw, 1987b; Hercyk et al., 1988) . However, because the L, NS and N proteins interact extensively within the transcription complex, mutations in any one of these proteins may perturb the conformation of the complex and consequently alter any of the associated enzymic activities. Thus, genetic approaches cannot 0001-0374 © 1992 SGM provide unambiguous assignment of enzyme active sites to viral proteins. We have therefore initiated studies which employ photoaffinity labelling strategies designed to probe the functional topology of the VSV transcription complex more directly.
The technique of photoaffinity labelling relies upon active site binding of photoactive probes which possess substrate-like structures. Compounds within the azido family of affinity labels include natural substrates to which a smaU photoactive azide moiety has been added (Guillory & Jeng, 1983; Haley, 1983) . Many of these compounds retain specific binding affinities for enzyme active sites and are relatively stable at room temperature. These properties permit kinetic analyses of the reversible binding of the analogue at the substrate-binding site in the absence of u.v. light. Upon exposure to a low dose of u.v. light, the azide moiety of the analogue is converted to a highly reactive nitrene, which is capable of inserting into covalent bonds. If the analogue is in the active site of an enzyme at the time of u.v. exposure, the nitrene can form a covalent bond with most amino acids within cross-linking distance. Thus the site-specificity imparted by the nucleotide, coupled with the indiscriminate bond formation of the nitrene, permits tagging of the enzyme active site with little regard for which amino acids are involved in forming the nucleotide-binding domain.
Active site photolabelling is a saturable event. By employing radioactive azido probes, saturation of photolabelling can be analysed and the apparent binding constant extrapolated. This binding constant should closely correlate with the one derived from reversible b.inding kinetic studies carried out in the absence of u.v. light if photolabelling and substrate binding are occurring at the same site. This correlation permits functional identification of photolabelled sites.
Azido analogues of ATP, GTP and UTP have been synthesized and successfully employed in active site analyses in a variety of systems (Haley, 1983; Evans & Haley, 1987) . The multiple enzymatic activities associated with the VSV transcription complex all utilize purine substrates. Consequently, both azido ATP and azido GTP can potentially photolabel multiple transcription complex-associated nucleotide-binding sites: polymerase, poly(A) polymerase and protein kinase in the case of azido ATP; polymerase and guanylyltransferase (and theoretically the protein kinase if it utilizes GTP) in the case of azido GTP. By contrast, only the RNAdependent RNA polymerase utilizes pyrimidine substrates. The photoactive pyrimidine analogue 5-azidouridine 5'-triphosphate (5-N3UTP) (Evans & Haley, 1987) is therefore an ideal probe for the selective analysis of the viral RNA polymerase. Herein, we present results which demonstrates that 5-N3UTP serves as a substrate for the VSV RNA polymerase, and specifically photolabels the L protein of native VSV transcription complexes. These biochemical data complement and extend existing genetic data by correlating the nucleotide binding site of the viral RNA polymerase with the L protein.
Methods

Materials. Non-radioactive 5-N3UTP and ['~-32P]5-N3UTP (5 to 20
Ci/mmol) were prepared as described previously (Evans & Haley, 1987) . The nucleotide [ct -32P]CTP (800 Ci/mmol) was purchased from NEN Research Products. Nucleoside triphosphates were purchased from Calbiochem. All other chemicals used were of the highest quality available from commercial sources.
Preparation of viral transcription complexes. Wild-type VSV New
Jersey serotype, Hazelhurst subtype (originally obtained from Craig Pringle) was grown in BHK-21 C13 cell monolayers and purified by differential and density gradient centrifugation as previously described (Hammond & Lesnaw, 1987a) . Transcription complexes were then prepared from the freshly purified virions as described previously (Hammond & Lesnaw, 1987a) .
In vitro transcription. Components of the transcription reactions are detailed in the figure legends. Reactions lacking CTP were incubated at 31 °C for 2 rain prior to initiation of transcription by the addition of the radiolabelled CTP. Polymerization was monitored at the times indicated in the figure legends, by the DEAE-cellulose filter paper binding assay (Blatti et al., 1970) . Radioactivity was determined using an H # quench correction program on a Beckman LS 3801 liquid scintillation counting system.
PhotoaJfinity labelling of VSV transcription complexes.
Photolabelling reactions (30 ~tl in a 1.5 ml conical tube) contained 5 mM-HEPES-KOH pHS-0, 50mM-NaCI, 5 m~t-CaC12, 1 mM-2-mercaptoethanol, 10~ glycerol, 15 IxM (or varying concentrations; Fig. 4 ) of [~-32p]5-N3UTP and transcription complexes (4.5 txg protein). Reactions were incubated at 4 °C for 20 s following the addition of [~-32p]5-N3UTP and irradiated for 1 min on ice with a 302 nm u.v. lamp (Spectroline Model ENF260C; 1500 ~tW/cm 2 at 15 cm), with the filter removed, resting on top of the tube. This arrangement afforded reproducible exposure of the samples to u.v. radiation and eliminated potential heat inactivation of the enzyme. Non-irradiated control reactions were analysed to assess potential light-independent radiolabelling.
Immediately following photolysis, the samples were treated with 10 p.l of an azide-nitrine scavenging mix (650 mM-NaCI, 10% 2-mercaptoethanol and 3 mM-UTP) and incubated for 1 min at room temperature. The high concentration of thiol helped to scavenge unreacted nitrene and unstable nitrene adducts and thereby reduced non-specific radiolabelling. Following the addition of 40 ~tl of ice-cold 7% perchloric acid to precipitate the protein, the samples were incubated at room temperature for 1 rain, and immediately centrifuged (2 min at 13600 g). The pellets were then rinsed once with ice-cold water and resuspended in SDS disruption buffer (10 mM-Tris-HCl pH 8.0, 2% SDS, 10% glycerol, 2% 2-mercaptoethanol and 0-001% bromophenol blue) for subsequent analysis by SDS-PAGE.
Electrophoretic analysis of photolabelled proteins. Samples were subjected to electrophoresis on SDS-polyacrylamide gels (10% polyacrylamide, 1.3 % bisacrylarnide) as previously described (Lesnaw et al, 1979) . Following Coomassie blue staining and extensive destaining, the wet gels were photographed using Kodak EDP electrophoresis duplicating paper. The relative amount of protein in each band was determined by scanning the wet gel through an orange acetate sheet with an LKB Ultra Scan XL laser densitometer and integrating the absorbance peaks with Ultra Scan software. The gels were then dried using a Hoeffer gel dryer without heat, and used to expose Kodak XOmat AR film. The relative amount of radioactivity in each band on the autoradiogram was determined by laser densitometry (without the acetate sheet) and integration as described above. The extent of photolabelling of the protein in each sample was calculated as the relative radioactivity determined from the autoradiogram scan divided by the protein content determined from the scan of the stained gel.
Stoichiometry of photolabelling. Reaction conditions were as described for photoaitinity labelling of transcription complexes. Following photolysis, the amount of covalently bound probe was determined by TCA precipitation onto GF/C (Whatman) filters and scintillation spectroscopy as described (Evans & Coleman, 1989) . The amount of L protein present in the samples of transcription complexes employed in the reactions was determined by densitometric analysis of SDS-PAGE profiles of the transcription complexes and standard virions, employing the published value for the percentage of virion-associated L protein (Thomas et al., 1985) .
Results
Kinetic analysis of the binding of 5-N3 UTP to the VSV transcription complex
In order to determine whether 5-N3UTP bound at the active site of the viral RNA-dependent RNA polymerase, the ability of 5-N3UTP to serve as a substrate for the polymerase was assessed in standard in vitro transcription reactions in which UTP was substituted with 5-N3UTP. The data indicated that 5-N3UTP was an alternative substrate and supported an overall rate of polymerization equal to approximately one-third that observed in control reactions containing UTP at the same concentration (Fig 1) .
The Km determined (by Lineweaver-Burk kinetic analysis) for azido UTP (27 p.M, Fig. 2 ) was approximately four times higher than that of the natural substrate UTP which exhibited a Km value of 7 ~tM when determined under the same conditions (data not shown). Thus, the addition of an azido group in the 5 position of the pyrimidine ring of UTP did not abolish the ability of this analogue to bind at the polymerase active site.
Photolabelling of the VSV transcription complex with 5-N3UTP
Photolabelling conditions were chosen to mimic those employed in the kinetic analyses of reversible binding of 5-N3UTP at the polymerase active site. Photolabelling of proteins forming the transcription complex by 5-N3UTP was assessed by SDS-PAGE of transcription complexes that had been exposed to u.v. light in the presence of [?_3 zp]5_N3UTP. The three viral proteins (L, NS and N) contained in the transcription complex were identified by their electrophoretic mobilities following staining with Coomassie blue dye (Fig. 3, lane 1) . Autoradiographic analysis of the gel revealed selective radiolabelling of the L protein (Fig 3, lane 3) . The absence of radiolabelling in a non-photolysed control reaction (Fig. 3, lane 2) indicated that the observed radiolabelling of the L protein was light-dependent. If photolabelling of the L protein reflected a specific binding site(s) then the photoincorporation should be limited by the number of those sites present, and should saturate at a characteristic concentration of the photoanalogue. To test this relationship, relative photoincorporation as a function of [~,_32p] 5. N3UT P concentration was assessed by S D S -P A G E analysis as above and the results were quantified by laser densitometric scanning of the corresponding autoradiogram. Detailed analysis of the response of L protein photolabelling to increasing concentrations of photoprobe below 100 p.M indicated a single saturation event with an apparent Kd of 27 ~tM (Fig. 4) . Additional experiments indicated that the photolabelling of the L protein did not increase with increasing concentrations of [~-32p]5-N3UTP above 100 p.M (data not shown).
Natural substrate protection against 5-N3 UTP photolabelling
The binding of a photoaffinity probe within the active site of an enzyme should be competitively reduced by the natural substrate. This competition would be manifested as a reduction in observed photolabelling. A significant reduction in photolabelling of the L protein by [y-3zp]5-N3UTP was observed in the presence of U T P (Table 1 , column labelled Comparative photolabelling). The other three polymerase substrates (ATP, G T P and CTP) were tested and also found to protect the site from photolabelling (Table 1 ). The lack of protection against 5-N3UTP photolabelling by UMP (Table 1) reflected the specificity of the photolabelled site(s) on the L protein for nucleoside triphosphate binding and also demonstrated that the protection observed with natural substrates was not due to screening of the activating u.v. light. The observed reduction in photolabelling in the presence of all four nucleotide substrates suggested that the purineand pyrimidine-binding pockets may overlap within the active site for R N A polymerase activity.
Stoichiometry of photolabelling
We employed a method that preserves the covalent linkage of the probe to the protein to calculate the stoichiometry of photolabelling (Evans & Coleman, 1989) . Direct analysis of photolabelled transcription complexes by TCA precipitation indicated a stoichiometry close to one with respect to the L protein ( ) and quantitative analysis of photolabelled proteins was performed as described in Methods.
1" Present at a concentration of 100 ~tM. :~ Derived from integration of densitometric scans of the Coomassie blue-stained protein bands. § Derived from integration of densitometric scans of an autoradiogram prepared from the dried gel. Corrected for light-independent radiolabelling observed in the non-photolysed control. t Determined by filter precipitation as described in Methods. :~ Calculated as the ratio of moles [~32p]5-N3UTP incorporated to moles transcription complex-associated L protein (determined as described in Methods). reaction 1). The specificity of this photolabelling was indicated by the 78~ reduction in photolabelling observed in the presence of competing natural substrate, UTP (Table 2 , reaction 3), coupled with the absence of photolabelling reduction in control reactions containing uridine (Table 2 , reaction 2).
Discussion
The RNA-dependent RNA polymerase nucleotidebinding domain of the multifunctional, multisubunit transcription complex of VSV has been probed with the photoactive nucleotide analogue 5-N3UTP. Azido-modifled nucleotides are particularly useful for identification and analysis of nucleotide-binding proteins because they retain the selective binding affinity of the natural nucleotide substrate and, when exposed to u.v. light, can covalently insert into most amino acids in the vicinity of the light-generated nitrene (Guillory & Jeng, 1983; Haley, 1983) . A variety of purine and pyrimidine azido analogues is available for determining the location and composition of the various enzymic activities associated with the VSV transcription complex. The analogue 5-N3UTP was particularly useful in the analysis of the polymerase active site because its sole predicted target is the nucleotide-binding site of the polymerase. In contrast, the purine azido photoprobes have multiple potential targets within the VSV transcription complex.
The L protein of the VSV transcription complex was selectively photolabeUed by 5-N3UTP. The correlation between the kinetic parameters of substrate utilization and photolabelling saturation, the stoichiometry of labelling which was close to unity and the competitive reduction of photolabelling by all four natural substrates of the polymerase suggested that photolabelling was specific and reflected interaction of the probe with the polymerase active site. These data indicated that amino acid residues of the L protein constitute the nucleotidebinding domain for the VSV RNA-dependent RNA polymerase. Although the N and NS proteins were not radiolabelled by photolysis in the presence of [y-32p]5-N3UTP, their participation in forming the polymerase active site cannot be completely ruled out. It is possible that the orientation of the nucleotide analogue upon photolysis is such that the base portion containing the reactive nitrene is close only to amino acid residues of the L protein.
We are currently scaling up the 5-N3UTP photolabelling reaction with the objective of isolating and sequencing the photolabelled peptides within the nucleotidebinding domain of the polymerase active site.
Localization of these active site residues within the primary structure of the L protein will be accomplished through alignment of the photolabelled peptide sequences with the predicted amino acid sequence of the New Jersey serotype VSV L protein (Feldhaus & Lesnaw, 1988) . In view of our initial success with 5-N3UTP, we believe that the azido class of photoaffinity analogues will be instrumental in determining the topography of the multiple active sites within the VSV transcription complex.
